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,QWURGXFWLRQ
7KH HIILFLHQW XVH RI OLPLWHG UHVRXUFHV LV RQH RI WKH PDMRU FKDOOHQJHV RI RXU WLPH $JDLQVW WKLV EDFNJURXQG
OLJKWZHLJKW FRQVWUXFWLRQ FRQFHSWV DUH JHWWLQJ PRUH DQG PRUH LPSRUWDQW LQ WRGD\¶V WUDIILF LQGXVWU\ LQ SDUWLFXODU
DXWRPRWLYH DQG DLUFUDIW LQGXVWU\ ,QRUGHU WR DFKLHYH DZLGHVSUHDGXVHRI OLJKWZHLJKWPDWHULDOV LW LV QHFHVVDU\ WR
GHYHORSQHZSURFHVVLQJPHWKRGV DVZHOO DV WHVWLQJ DQGPHDVXUHPHQW SURFHGXUHV IRU D ODUJH YDULHW\ RIPDWHULDOV
ZKLFKZRXOGDOORZIRUWKHUHDOL]DWLRQRIDQHFRQRPLFDOO\HIILFLHQWIOH[LEOHDQGDXWRPDWHGKLJKYROXPHSURGXFWLRQ
+HUH SKRWRQLF PHWKRGV HVSHFLDOO\ ODVHU PDWHULDO SURFHVVLQJ WHFKQRORJLHV SURYLGH DGHTXDWH VROXWLRQV 7KH KLJK
IOH[LELOLW\DQGHVSHFLDOO\ WKHFRQWDFWIUHHZHDUIUHH LQWHUDFWLRQPHFKDQLVPRI ODVHU UDGLDWLRQZLWKPDWWHUSURYLGHV
DGYDQWDJHVZLWKUHVSHFWWRWKHPDFKLQLQJRIPDWHULDOVZKLFKFDXVHQRWDEOHWRROZHDULISURFHVVHGZLWKFRQYHQWLRQDO
PDFKLQLQJPHWKRGV6KHLNK$KPDG7KHSRVVLELOLW\RIDVWURQJO\ORFDOL]HGHQHUJ\GHSRVLWLRQFXVWRPL]HGIRU
WKH UHVSHFWLYH SURGXFWLRQ UHTXLUHPHQWV RSHQV XS QHZ RSSRUWXQLWLHV IRU WKH PDFKLQLQJ RI WHPSHUDWXUHVHQVLWLYH
PDWHULDOV %\PHDQV RI WKH IXQGLQJ LQLWLDWLYH ³3KRWRQLF 3URFHVVHV DQG 7RROV IRU 5HVRXUFH(IILFLHQW /LJKWZHLJKW
&RQVWUXFWLRQ´ LW LV WKH JRDO RI WKH *HUPDQ )HGHUDO 0LQLVWU\ RI (GXFDWLRQ DQG 5HVHDUFK %0%) WR RYHUFRPH
H[LVWLQJEDUULHUVZLWKUHVSHFWWRZLGHVSUHDGLQWURGXFWLRQRIOLJKWZHLJKWPDWHULDOVLQWRKLJKYROXPHSURGXFWLRQ
6HYHUDO FRRSHUDWLYH UHVHDUFK SURMHFWV IXQGHG LQ WKH DERYH LQLWLDWLYH GHDO ZLWK ODVHU SURFHVVLQJ RI RUJDQLF
FRPSRVLWH PDWHULDOV VXFK DV FDUERQILEHU UHLQIRUFHG SODVWLFV &)53 KDYLQJ RXWVWDQGLQJ PHFKDQLFDO SURSHUWLHV




ODVHU SURFHVV FRQVLGHUHG WDNLQJ LQWR DFFRXQW WKH OHJDO IUDPHZRUN FRQGLWLRQVZKLFK DUH UHOHYDQW IRU RFFXSDWLRQDO
VDIHW\ *HUPDQ ³2UGLQDQFH RQ +D]DUGRXV 6XEVWDQFHV´ *HI6WRII9  DQG ³7HFKQLFDO 5XOH IRU +D]DUGRXV
6XEVWDQFHV´ 75*6   DVZHOO DV IRU HQYLURQPHQWDO SURWHFWLRQ *HUPDQ ³7HFKQLFDO ,QVWUXFWLRQV RQ$LU
4XDOLW\&RQWURO´7$/XIW0RUHRYHUWKHHPLWWHGRUJDQLFSDUWLFOHVPD\EHILEURXVWKXVUHTXLULQJSDUWLFXODU
DWWHQWLRQ
/DVHUSURFHVVLQJRI&)53 IDFHV WKHSUREOHP WKDW WKHVHPDWHULDOV DUH HVVHQWLDOO\FRPSRVHGRI WZRFRPSRQHQWV






VKRUWSXOVHG ODVHU V\VWHPVZLWKKLJKEULOOLDQFH DUH DSSOLHG HJ -DHVFKNH HW DO  DQG%OXHPHO HW DO 




,Q WKLV SDSHU H[HPSODU\ LQYHVWLJDWLRQV FRQFHUQLQJ WKH V\VWHPDWLF TXDOLWDWLYH DQG TXDQWLWDWLYH DQDO\VLV RI WKH
SDUWLFXODWHDQGJDVHRXVSURFHVVHPLVVLRQVGXULQJODVHUSURFHVVLQJRI&)53PDWHULDOVDUHSUHVHQWHG7KHDLPZDVWR




HPLVVLRQV HJ:DOWHU HW DO 7KH FRQFHQWUDWLRQV RI WKH RUJDQLF JDVHV DQG SDUWLFOHV DVZHOO DV WKH SDUWLFOH
PRUSKRORJLHVLQWKHH[KDXVWDLUZHUHPHDVXUHGXVLQJZHOOHVWDEOLVKHGDQDO\WLFDOPHWKRGVDQGLQVWUXPHQWDWLRQVXFK
DV IODPH LRQL]DWLRQGHWHFWLRQ LQIUDUHGVHQVRU WHFKQRORJ\HOHFWULFDO ORZSUHVVXUHFDVFDGH LPSDFWLRQDQGVFDQQLQJ
HOHFWURQPLFURVFRS\,QIXWXUHWKHJDLQHGUHVXOWVVKDOOEHGLVFXVVHGZLWKUHSUHVHQWDWLYHVRIRIILFLDOLQVWLWXWLRQVVXFK
DV WKH *HUPDQ )HGHUDO ,QVWLWXWH IRU 2FFXSDWLRQDO 6DIHW\ DQG +HDOWK %$X$ DQG WKH *HUPDQ 6RFLDO $FFLGHQW
,QVXUDQFH'*89LQRUGHUWRLQLWLDWHWKHLPSOHPHQWDWLRQLQWRVWDQGDUGL]DWLRQDQGIXUWKHUUHVHDUFKHJFRQFHUQLQJ
WKHWR[LFRORJLFDOHIIHFWVRI&)53DQGDOVR*)53JODVVILEHUUHLQIRUFHGSODVWLFVODVHUSURFHVVHPLVVLRQV
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([SHULPHQWDO
7R JHQHUDWH DQG DQDO\]H WKH HPLVVLRQV RI D FHUWDLQ ODVHU SURFHVV WKLV SURFHVV LV FDUULHG RXW DW WKH RSHUDWRU¶V
IDFLOLWLHVZLWKLQDSDUWLDOO\FORVHGODVHUFDELQXQGHUUHDOLVWLFLQGXVWULDOFRQGLWLRQV7KHFDSWXULQJDQGVXFWLRQV\VWHP








$V DQ H[DPSOH D ODVHU DEODWLRQ SURFHVV SHUIRUPHG LQ D KLJKSRZHU ODVHU FDELQ DW /=+ LV UHJDUGHG )RU WKH
H[SHULPHQWV SODQDU &)53 VDPSOHV ZLWK D WKHUPRVHWWLQJ HSR[\ PDWUL[ &)53(SR[\ RU D WKHUPRSODVWLF
SRO\SURS\OHQH PDWUL[ &)5333 KDYLQJ D WKLFNQHVV RI d PP UHVSHFWLYHO\ ZHUH XVHG 7KH ODVHU VRXUFH
DSSOLHGZDVDILEHUFRXSOHGKLJKSRZHUWKLQGLVNODVHUHPLWWLQJQDQRVHFRQGSXOVHVDWDZDYHOHQJWKRIȜ QP





JDOYDQRPHWHU VFDQQHU ZLWK SODQHILHOG IRFXVLQJ RSWLFV 75803) 3)2 ' ZLWK D VWDQGDUG IRFDO GLVWDQFH RI
z PP SURYLGLQJ DQ HOOLSWLFDOZRUNLQJ ILHOG RIA    [ PPð DQG D z YDULDWLRQRI WKH IRFDO SODQH RI
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$QH[DPSOHRIDPHWKRGWRLQYHVWLJDWHRUJDQLFJDVHVK\GURFDUERQVLQWKHH[KDXVWDLULVWKHRQOLQHPHDVXUHPHQW
RI WKH WRWDO FRQFHQWUDWLRQRIYRODWLOH RUJDQLF FRPSRXQGV 792&FRQFHQWUDWLRQ XVLQJ D IODPH LRQL]DWLRQGHWHFWRU
),' VHH )LJ  7KLV LQVWUXPHQW SURYLGHV DZHOOGHILQHG K\GURJHQ IODPH EHWZHHQ WZR HOHFWURGHV 7KH RUJDQLF
VXEVWDQFHVLQWKHDLUWREHDQDO\]HGDUHLQMHFWHGLQWRWKHIODPHXVLQJDFDUULHUJDV7KHUHVXOWLQJLRQL]DWLRQFDXVHVD
FKDQJHRIWKHHOHFWULFFRQGXFWLYLW\ZKLFKLVPHDVXUHGDQGFRQYHUWHGWRWKHWRWDOFRQFHQWUDWLRQRIWKHRUJDQLFJDVHV
LQ SDUWV SHUPLOOLRQ LH SSP DV D IXQFWLRQ RI WLPH$QRWKHU LQVWUXPHQW WR DQDO\]H WKH SURFHVV HPLVVLRQV LV DQ




$V IDUDV WKHHPSOR\HHV¶SURWHFWLRQ LVFRQFHUQHG WKHDLUDW WKHZRUNSODFHKDV WREHDQDO\]HGDFFRUGLQJ WR WKH
*HUPDQ UXOH 75*6  ,Q WKLV ZRUNSODFH DQDO\VLV WKH PHDVXUHPHQWV KDYH WR EH SHUIRUPHG H[DFWO\ XQGHU WKH
FRQGLWLRQVRIWKHLQGXVWULDOSURFHVVFRQVLGHUHGLQRUGHUWREHDEOHWRJDLQUHOHYDQWLQIRUPDWLRQDERXWWKLVSURFHVV7R
GHWHUPLQHWKHULVNVFDXVHGE\WKHUHSUHVHQWDWLYHH[SRVXUHVORFDWLRQVSHFLILFDQGSHUVRQDOVDPSOLQJLVSHUIRUPHGDW










H[KDXVW FKDQQHO EHIRUH UHDFKLQJ WKH PHDVXULQJ FHOO &RQVLGHULQJ WKH RUJDQLF JDVHV WKH 792& HPLVVLRQ UDWHV
PHDVXUHGZLWKWKH),'ZHUHUDWKHUORZUDQJLQJIURPWRJK7KHVHYDOXHVDUHPXFKVPDOOHUWKDQH[SHFWHG






VHH )LJ  LQ WKLV FDVH UHFRUGHG GXULQJPXOWLSDVV ODVHU FXWWLQJ H[SHULPHQWV DW /=+PL N:dc P
tp N+]QXPEHURISDVVHV7KHUHVSHFWLYHEDVHOLQHFRQFHQWUDWLRQRIDERXWSSPZDVFDXVHGE\UHVLGXDO






 Juergen Walter et al. /  Physics Procedia  83 ( 2016 )  1021 – 1030 1025
,QRUGHUWRH[SODLQWKLVREVHUYDWLRQRULJLQDOUDZFDUERQILEHUIDEULFV)LJ$ZKLFKZHUHXVHGWRIDEULFDWH
&)53ODPLQDWHVZLWKHSR[\PDWUL[VXEVHTXHQWO\DVZHOODVFDUERQILEHUVHJPHQWVFDSWXUHGGXULQJODVHUDEODWLRQRI
WKH IDEULFDWHG ODPLQDWHV )LJ % PL N: dc P fp N+] YHORFLW\ RI ODVHU EHDP PRYHPHQW






$V UHVXOW RQO\ VPDOO DPRXQWV RI WROXHQH SRVVLEO\ GXH WR SROOXWLRQ GXULQJ WKH IDEULFDWLRQ SURFHVV FRXOG EH












%HQ]HQH    
7ROXHQH    
(WK\OEHQ]HQH    
PS;\OHQH    
R;\OHQH    
6W\UHQH    

)XUWKHU VFUHHQLQJ UHVXOWVREWDLQHG IURP WKHGHSRVLWHG ILEHU VHJPHQWV VKRZHG VPDOOEXW VLJQLILFDQW DPRXQWVRI
VRPHDGGLWLRQDOK\GURFDUERQVZKLFKDUH W\SLFDO IRU ODVHUSURFHVVLQJRI&)53PDWHULDOV HJ7HWUDPHWK\O




DLU ZDV LQYHVWLJDWHG XVLQJ WZR RSWLFDO ILEHUV ZLWK GLIIHUHQW FRUH GLDPHWHUV dc P DQG dc P
0RUHRYHUDQDOWHUQDWLYHFDSWXULQJJHRPHWU\ZDVH[DPLQHGWRGHWHUPLQHLWVLPSDFWRQWKHFDSWXULQJHIILFLHQF\DQG
WKHVXEVWDQFHFRQFHQWUDWLRQVLQWKHH[KDXVWDLU+HUHDVSHFLILFDOO\GHVLJQHGULQJQR]]OHH[SHULPHQWQRZDV




H[KDXVW DLU DUH REYLRXVO\ ORZHU WKDQ LQ WKH FDVH RI WKH ORFDO ODPLQDU VXFWLRQ ZLWK WKH VDPH SURFHVV SDUDPHWHUV
H[SHULPHQWQR7KLVVHHPVWRLQGLFDWH WKDW WKHFDSWXULQJHIILFLHQF\ZDVGHFUHDVHGE\WKHULQJQR]]OHDV WKH
SURFHVVHPLVVLRQVZHUHVSUHDGDFURVVWKHZRUNSLHFHVXUIDFHDQGQRWGLUHFWO\SXVKHGLQWRWKHH[KDXVWRSHQLQJ+HUH
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        
           
           









ZDV DERXWJK LQERWK FDVHV+RZHYHU WKH HPLVVLRQ UDWHVRI30DQG&2GHULYHG IRU H[SHULPHQWQR ZHUH




7KH REVHUYDWLRQV FRQFHUQLQJ WKH HPLVVLRQ UDWHV IRU 30 DQG&2 DUH XQH[SHFWHG DQG QRW \HW IXOO\ XQGHUVWRRG
3RVVLEO\ DQ H[SODQDWLRQPD\ DJDLQ EH IRXQG LQ WKH UHOHDVHG ILEHU VHJPHQWV QRW UHDFKLQJ WKH PHDVXULQJ FHOO $








ILEHU VHJPHQWV UHDFKHG WKH ILEHU PRQLWRUV JROGFRDWHG WUDFN HWFKHG SRO\FDUERQDWH ILOWHUV LQ WKH UHVSHFWLYH
PHDVXULQJFHOO,Q)LJVDQGH[HPSODU\SLFWXUHVRIVDPSOHVREWDLQHGIURPDVSHFLILFODVHUDEODWLRQSURFHVVIRU
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WZRPDWHULDOVRIGLIIHUHQWPDQXIDFWXUHUVDQGPL :fp N+]vL PVKDWFKGLVWDQFHPDUH




WRFDUERQILEHUV$UDQGRPVXUYH\RI WKHYLVLEOH ILEHUVHJPHQWV\LHOGHGRQO\ ILEHUGLDPHWHUV!P7KXV WKHVH
ILEHUVHJPHQWVDUHQRWFULWLFDODFFRUGLQJWRWKHGHILQLWLRQRIWKH:RUOG+HDOWK2UJDQL]DWLRQ:+2$FFRUGLQJWR





DOVR QRW EHLQJ FULWLFDO DFFRUGLQJ WR WKH:+2 FULWHULRQ0RUHRYHU OHQJWK DQG GLDPHWHU RI WKH ILEHU VHJPHQWV RI
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,Q)LJVDQGIXUWKHUH[DPSOHVRI6(0SLFWXUHVUHFRUGHGIURPJROGFRDWHGWUDFNHWFKHGSRO\FDUERQDWHILOWHUV





)LJV $ DQG $ $V EHIRUH ILEHUV DQG ILEHU VHJPHQWV FDQ FOHDUO\ EH DOORFDWHG WR FDUERQ E\ PHDQV RI (';
$UDQGRPVXUYH\RIWKHILEHUVHJPHQWVDQGILEHUVLQWKHVHWZRDJDLQ\LHOGHGRQO\GLDPHWHUV!P7KXVWKH:+2
FULWHULRQIRUFULWLFDOKD]DUGRXVILEHUVLVDJDLQQRWIXOILOOHG&RQVLGHULQJWKHILEHUPRUSKRORJ\LQWKLV&)53ODPLQDWH
DQG WKH SUHIRUPPDWHULDO WKH ILEHUV RI WKH RULJLQDOPDWHULDOV FDQ EH UHFRJQL]HG:KLOH WKH ILEHUV LQ )LJ $ DUH
WDQJOHGEXWLQSULQFLSOHLVRODWHGWKHILEHUVLQ)LJ$DUHIRXQGDVILEHUEXQGOHVWRDODUJHSDUW2EYLRXVO\WKLVLVD
FRQVHTXHQFHRIWKHPLVVLQJPDWUL[PDWHULDOGXULQJWKH&)53SUHIRUPSURFHVVLQJ
$V LQ WKH H[SHULPHQWV GHVFULEHG DERYH UHODWLYHO\ VPDOO DPRXQWV RI 30 792& DQG &2ZHUH IRXQG VHYHUDO
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&RQFOXVLRQV
7KHH[SHULPHQWVDQG WKHFRUUHVSRQGLQJFKDUDFWHUL]DWLRQVRISURFHVVHPLVVLRQVSUHVHQWHGKHUHKDYHSURYHQ WKDW
UHOHYDQW DPRXQWV RI YRODWLOH RUJDQLF FRPSRXQGV 92&V DQG FDUERQPRQR[LGH &2 DVZHOO DV RI VSKHULFDO DQG
ILEURXVSDUWLFOHVDUHHPLWWHGGXULQJODVHUDEODWLRQDQGODVHUFXWWLQJRIGLIIHUHQW&)53PDWHULDOVQDPHO\FDUERQILEHU





VKRZQWKDW WKHUH LVDVWURQJ LQIOXHQFHRI WKHVDPSOLQJSRVLWLRQRQ WKHDPRXQWRIILEHUVDQGILEHUVHJPHQWVIRXQG
2EYLRXVO\WKHILEHUVDQGILEHUVHJPHQWVDUHGHSRVLWHGLQWKHFRXUVHRIWKHH[KDXVWDLUFKDQQHO0RUHRYHULWFRXOGEH
SURYHG E\PHDQV RI FKHPLFDO DQDO\VLV WKDW WKH ILEHU VHJPHQWV DGVRUE VLJQLILFDQW DPRXQWV RI 92&V DV WKH\ DUH










FRUUHVSRQGLQJ VXUIDFHV 7KLV LV LQ FRQWUDVW WR WKH H[KDXVW DLU FOHDQLQJ GXULQJ ODVHU SURFHVVLQJ HJ RI JODVVILEHU
UHLQIRUFHGRUQRQUHLQIRUFHGSODVWLFVDVLQWKHVHFDVHVQRVWURQJDGVRUSWLRQRIWKH92&VDWKLJKO\UHDFWLYHVXUIDFHV
FRPSDUDEOHWRDFWLYDWHGFKDUFRDORFFXUV
7KHPHDVXUHPHQWV LQ WKHFRXUVHRI&)53 ODVHUSURFHVVHVZLOOEHFRQWLQXHG7REHDEOH WRSHUIRUPV\VWHPDWLF
FRUUHODWLRQV DQG ULVN DQDO\VHV DQG WR GLVFXVV WKH UHVXOWV ZLWK H[SHUWV IURP UHVHDUFK DQG RIILFLDO LQVWLWXWLRQV DQ
DSSURSULDWHUHODWLRQDOGDWDEDVHLVVHWXSIRUWKHSURFHVVGHSHQGHQWPHDVXUHPHQWDQGDQDO\VHVUHVXOWV%DVHGRQWKH
JDWKHUHG LQIRUPDWLRQ WKLV GDWDEDVH ZLOO SURYLGH UHFRPPHQGDWLRQV RI DGHTXDWH PHDVXUHV WR HQVXUH RFFXSDWLRQDO
VDIHW\DQGHQYLURQPHQWDOSURWHFWLRQGXULQJODVHUSURFHVVLQJRIRUJDQLFILEHUFRPSRVLWHV$QH[DPSOHLVWKHVXSSRUW
RI WKHFRUUHFWGLPHQVLRQLQJRI WKHFDSWXULQJDQGVXFWLRQV\VWHPRI WKHODVHUSURFHVVFRQVLGHUHGSRVVLEOHQXPEHU
DUUDQJHPHQWDQGVKDSHRIWKHVXFWLRQRSHQLQJVSUHVVXUHFRQGLWLRQVDQGIORZUDWHVRIWKHVXFWLRQDQGWKHWDUJHWHGJDV





'KLJKSRZHU ODVHUSURFHVVLQJ IRUTXDOLW\DQG WKURXJKSXW LQFUHDVH IRU WKH UHOLDEOHDXWRPDWHGPDQXIDFWXULQJRI
&)53OLJKWZHLJKWVWUXFWXUHV±VXESURMHFWGHYHORSPHQWRISURFHVVHVIRU&)53SURFHVVLQJXVLQJDILEHUJXLGHGQV
KLJKSRZHU ODVHU 7KLV SURMHFW UHI QR 1 LV IXQGHG E\ WKH *HUPDQ )HGHUDO 0LQLVWU\ RI 6FLHQFH DQG
(GXFDWLRQ%0%)LQWKHFRXUVHRIWKHLQLWLDWLYH³3KRWRQLF3URFHVVHVDQG7RROVIRU5HVRXUFH(IILFLHQW/LJKWZHLJKW
&RQVWUXFWLRQ´ZKLFKLVJUDWHIXOO\DFNQRZOHGJHG7KHFRRSHUDWLYHSURMHFWVRIWKH%0%)LQLWLDWLYHDUHFRRUGLQDWHG
E\/=+QDPHO\'U,QJ3HWHU-DHVFKNHZKR LVFRDXWKRURI WKLVSDSHU ,Q WKLVFRQWH[W WKHDXWKRUVZRXOG OLNH WR
WKDQN WKH UHSUHVHQWDWLYHV RI WKH GLIIHUHQW FRRSHUDWLYH SURMHFWV IRU HQDEOLQJ HPLVVLRQ PHDVXUHPHQWV GXULQJ WKHLU
&)53ODVHUSURFHVVHV







date and inofficial version; mandatory is the current German version, GMBl 2014 p. 254–257 (No. 12)). 























SQR(not up-to-date and inofficial version; mandatory is the current German version, GMBl 2015 p. 1191 (No. 60)). 
,$5&0RQRJUDSKV RQ WKH HYDOXDWLRQ RI FDUFLQRJHQLF ULVNV WR KXPDQV  9RO  0DQPDGH PLQHUDO ILEUHV DQG UDGRQ :RUOG +HDOWK
2UJDQL]DWLRQ:+2,QWHUQDWLRQDO$JHQF\IRU5HVHDUFKRQ&DQFHU/\RQS
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